Influence of Traverse Speed on Microstructure and Mechanical Properties of AA6082-TiC Surface Composite Fabricated by Friction Stir Processing  by Thangarasu, A. et al.
 Procedia Materials Science  5 ( 2014 )  2115 – 2121 
Available online at www.sciencedirect.com
2211-8128 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
doi: 10.1016/j.mspro.2014.07.547 
ScienceDirect
,QWHUQDWLRQDO&RQIHUHQFHRQ$GYDQFHVLQ0DQXIDFWXULQJDQG0DWHULDOV(QJLQHHULQJ
$00(
,QIOXHQFHRI7UDYHUVHVSHHGRQ 0LFURVWUXFWXUH DQG0HFKDQLFDO
3URSHUWLHV RI$$7L&6XUIDFH&RPSRVLWH)DEULFDWHG E\
)ULFWLRQ6WLU3URFHVVLQJ
$7KDQJDUDVXD 10XUXJDQE,'LQDKDUDQF 6-9LMD\G
D'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ 6UL5DPDNULVKQD,QVWLWXWHRI7HFKQRORJ\&RLPEDWRUH7DPLOQDGX,QGLD
E'HSDUWPHQWRI 0HFKDQLFDO(QJLQHHULQJ&RLPEDWRUH,QVWLWXWHRI7HFKQRORJ\&RLPEDWRUH7DPLQDGX,QGLD
F'HSDUWPHQWRI0HFKDQLFDO(QJLQHHULQJ 99&ROOHJHRI(QJLQHHULQJ 7LVDL\DQYLODL 7DPLQDGX,QGLD
G6FKRRORI0HFKDQLFDO6FLHQFHV.DUXQ\D8QLYHUVLW\&RLPEDWRUH7DPLOQDGX,QGLD
$EVWUDFW
)ULFWLRQ VWLU SURFHVVLQJ )63 KDV HYROYHG DV D QRYHO VROLG VWDWH WHFKQLTXH IRU UHILQHPHQW RI PLFURVWUXFWXUH
HQKDQFHPHQW RIPHFKDQLFDO SURSHUWLHV DQG IDEULFDWLRQ RI DOXPLQLXPPDWUL[ FRPSRVLWHV $0&V  ,Q WKLVZRUN$$7L&
VXUIDFH $0&ZDVSURGXFHGE\)63WHFKQLTXHDQGWKHHIIHFWRIWUDYHUVHVSHHGRQPLFURVWUXFWXUHDQGPHFKDQLFDOSURSHUWLHVZHUH
LQYHVWLJDWHG 7KH WUDYHUVHVSHHGZDVYDULHGIURPPPPLQ WRPPPLQ LQVWHSVRIPPPLQ7KHUHVWRI WKHSURFHVV
SDUDPHWHUV VXFK DV JURRYH ZLGWK WRRO URWDWLRQDO VSHHG DQG D[LDO IRUFH ZHUH NHSW FRQVWDQW0LFURJUDSKV RI WKH $$7L&
$0&VZHUH REWDLQHG XVLQJ RSWLFDO PLFURVFRSH DQG VFDQQLQJ HOHFWURQPLFURVFRSH0LFURKDUGQHVV DQGZHDU EHKDYLRXU RI WKH
VXUIDFH FRPSRVLWHV ZHUH DQDO\VHG 5HVXOWV UHYHDOHG WKDW WKH WUDYHUVH VSHHG VLJQLILFDQWO\ LQIOXHQFHG WKH DUHD RI VXUIDFH
FRPSRVLWHVGLVSHUVLRQRI7L&JUDLQVL]HRIPDWUL[PLFURKDUGQHVVDQGZHDUUDWHRIWKH $$7L&$0&V7KHWUDYHUVHVSHHG
ZDV LQYHUVHO\SURSRUWLRQDO WR WKHDUHDRI VXUIDFHFRPSRVLWHV 7KHKRPRJHQRXVGLVWULEXWLRQRI7L&SDUWLFOHVZDVDWWDLQHGZLWK
ORZHUWUDYHUVHVSHHGZKHUHDVSRRUGLVWULEXWLRQRI7L&SDUWLFOHV ZDV LQIOXHQFHGE\WKHKLJKHUWUDYHUVHVSHHG$OVRLQFUHDVHLQWKH
WUDYHUVHVSHHGRIWKHVXUIDFHFRPSRVLWHHQKDQFHGPLFURKDUGQHVVDQGUHGXFHGWKHZHDUUDWHZKHQFRPSDUHGZLWKORZHUWUDYHUVH
VSHHG
  7KH$XWKRUV3XEOLVKHGE\(OVHYLHU /WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI 2UJDQL]LQJ&RPPLWWHHRI$00( 
.H\ZRUGV $OXPLQLXPQ0DWUL[VXUIDFH&RPSRVLWHV )ULFWLRQ6WLU3URFHVVLQJ 0LFURVWUXFWXUH 0LFURKDUGQHVV:HDUUDWH
&RUUHVSRQGLQJDXWKRU7HO  ID[ 
(PDLODGGUHVV DWKDQJDUDVX#JPDLOFRP
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of AMME 2014
2116   A. Thangarasu et al. /  Procedia Materials Science  5 ( 2014 )  2115 – 2121 
 ,QWURGXFWLRQ
7KH UHTXLUHPHQWRI H[FHOOHQW SURSHUWLHV VXFK DVKLJK VSHFLILF VWUHQJWK VXSHULRUZHDU UHVLVWDQFH DQG ORZ
WKHUPDOH[SDQVLRQKDV HPSKDVL]HGWKHUHVHDUFKHUVWRIRFXVRQ $OXPLQXPPDWUL[FRPSRVLWHV$0&V 5DKLPLDQHW
DO 6KDULIL HW DO +HPDQWK HW DO UHSRUWHG WKDW $0&V DUH ZLGHO\ UHSODFLQJ FRQYHQWLRQDO
DOXPLQXPDOOR\VLQPDQ\DSSOLFDWLRQVDQGFRPSRQHQWVLQDHURVSDFHDXWRPRELOHVDQGPDULQHLQGXVWULHV 5HVHDUFKLV
EHLQJFDUULHGRXWDFURVVWKHZRUOGWRLPSURYHWKHSURSHUWLHVRI$0&VXVLQJQRYHOWHFKQLTXHVDQGDSSOLFDWLRQEDVHG
UHLQIRUFHPHQWV 5DPHVK HW DO  .DONDQOL HW DO  5RPDQNRYD HW DO SURGXFHG $0&V XVLQJ
FRQYHQWLRQDO OLTXLGPHWDOOXUJ\URXWHVVXFKDVVWLUFDVWLQJVTXHH]HFDVWLQJDQGFRPSRFDVWLQJ UHVSHFWLYHO\  0D=<
 UHSRUWHGWKDWLW ZDV GLIILFXOWWRPL[WKHUHLQIRUFHPHQWZLWKPROWHQDOXPLQXPDQG LWZDV NHSW LQVXVSHQVLRQ
GXH WR WKHSRRUZHWWDELOLW\ $URUDHW DO  UHSRUWHG WKDWDW HOHYDWHG WHPSHUDWXUHV WKHFHUDPLFSDUWLFOHKDG DQ
DIILQLW\WRUHDFWZLWKPROWHQDOXPLQXPRUGHFRPSRVHWRIRUPXQGHVLUDEOHFRPSRXQGV UHVXOWLQJLQ GHWHULRUDWLRQRI
WKH SURSHUWLHV RI $0&V 7KRXJK OLTXLG PHWDOOXUJ\ URXWHV DUH HFRQRPLFDO WKH KRPRJHQHRXV GLVWULEXWLRQ RI
UHLQIRUFHPHQWSDUWLFOHVDFURVVWKH FDVWLQJLV DFKDOOHQJH
0LVKUDHWDOGHYHORSHG)63FRQFHSWEDVHGRQWKHSULQFLSOHVRIIULFWLRQVWLUZHOGLQJ)6:ZKLFKZDVLQYHQWHG
E\7KH:HOGLQJ,QVWLWXWH7:, DW 8.LQ 0RULVDGDHWDOSURGXFHGVXUIDFHFRPSRVLWHVXVLQJJURRYHV
RQ DOXPLQXP SODWHV DQG SDFNHGZLWK FHUDPLF SDUWLFOHV $ QRQ ±FRQVXPDEOH WRRO LV SOXQJHG LQWR RQH HQG RI WKH
ULJLGO\FODPSHGSODWHDQGWUDYHUVHGDFURVVWKHSODWH0DWUL[PDWHULDOSODVWLFGHIRUPDWLRQDQGLWVLQWHUIDFLDOIULFWLRQ
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DORQJ WKH FURVV VHFWLRQ RI WKH VSHFLPHQ 7KH VOLGLQJ ZHDU EHKDYLRU RI $$7L& VXUIDFH FRPSRVLWHV ZDV
PHDVXUHGXVLQJDSLQRQGLVFZHDUDSSDUDWXV'8&2075/(DWURRPWHPSHUDWXUHDFFRUGLQJWR$670*
VWDQGDUG$$7L&SLQVRIVL]HPP[PP[PPZHUHSUHSDUHGIURPWKH)63]RQHE\ZLUH('07KH
ZHDUWHVWZDVFRQGXFWHGDWDVOLGLQJYHORFLW\RIPVQRUPDOIRUFHRI1DQGVOLGLQJGLVWDQFHRIP7KH
SROLVKHGVXUIDFHRIWKHSLQZDV VOLG RQDKDUGHQHGFKURPLXPVWHHOGLVF$FRPSXWHUDLGHGGDWDDFTXLVLWLRQV\VWHP
ZDVXVHGWRPRQLWRUWKHORVVRI KHLJKW7KH YROXPHWULF ORVV ZDVFRPSXWHGE\PXOWLSO\LQJWKHFURVVVHFWLRQDODUHDRI
WKHWHVWSLQZLWKLWVORVVRIKHLJKW7KHZHDUUDWHLVREWDLQHGE\GLYLGLQJ YROXPHWULF ORVV WR VOLGLQJGLVWDQFH
 5HVXOWVDQGGLVFXVVLRQ
0DFURVWUXFWXUH RI$$7L&$0&V
6HYHUDOWULDO H[SHULPHQWVZHUHFRQGXFWHGLQLWLDOO\WRVHOHFWDVHWRIRSWLPL]HGSURFHVVSDUDPHWHUVWKDWZHUHXVHGIRU
WKH SURGXFWLRQ RI VXUIDFH FRPSRVLWHV)LJ VKRZV WKH HIIHFW RI WKH WUDYHUVH VSHHG RQ PDFURVWUXFWXUH ZKHQ WKH
WUDYHUVH VSHHG LV LQFUHDVHG IURP WR PPPLQ ,W LV HYLGHQW IURP WKH ILJXUH WKDW WUDYHUVH VSHHG VLJQLILFDQWO\
DIIHFWV WKHDUHDRIVXUIDFHFRPSRVLWHVDQGWKHDUHDRIWKH$0&GHFUHDVHVZKHQWKHWUDYHUVHVSHHGLVLQFUHDVHG7KH
DUHDRIWKH$0&ZDVPHDVXUHGXVLQJDQLPDJHDQDO\]LQJVRIWZDUHDQGWKH)63]RQHDUHDZDVFRPSXWHGWREH
PP DW PPPLQDQGPP DWPPPLQ7KHUHDVRQIRUWKHUHGXFWLRQLQWKHDUHDRI$0&ZLWKWKHLQFUHDVHLQ
WUDYHUVHVSHHGLVGHDOWLQGHWDLOEHORZ7L&SDUWLFOHVZHUHLQLWLDOO\FRPSDFWHGLQWRWKHJURRYHDORQJWKHFHQWUHOLQHRI
WKH SODWH DQG WKH VDPH WRRO ZLWKRXW FKDQJH LQ WRRO URWDWLRQDO VSHHG DQG D[LDO IRUFH ZHUH XVHG IRU IULFWLRQ VWLU
SURFHVVLQJRIDOOSODWHV7KHLQFUHDVHLQVXUIDFHDUHDZDVDFKLHYHGE\GHFUHDVLQJWKHWUDYHUVHVSHHG0LVKUDHWDO
 UHSRUWHG WKDW WUDYHUVH VSHHG LQIOXHQFHV WKH DPRXQW RI IULFWLRQDO KHDW JHQHUDWHG :KHQ WUDYHUVH VSHHG LV
LQFUHDVHG IURP PPPLQ WR  PPPLQ WKH DPRXQW RI WKH IULFWLRQDO KHDW JHQHUDWHG LV GHFUHDVHG DQG WR OHVV
DPRXQW RI DOXPLQLXP LV SODVWLVL]HG 7KH DUHD RI WKH VXUIDFH FRPSRVLWH LV FRQVHTXHQWO\ UHGXFHG 7\SLFDO )6:
GHIHFWV LQFOXGLQJWXQQHOVSLQKROHVRUZRUPKROHVHWFDUHQRWREVHUYHGLQWKHPDFURVWUXFWXUHRIWKHVXUIDFH$0&V
7KLVLQGLFDWHVWKDWWKHVHOHFWHGVHWRISURFHVVSDUDPHWHUVLVDSSURSULDWHWRSURGXFHVRXQG$0&V
)LJ )63WRRODQG 0DFURVWUXFWXUH RIIULFWLRQVWLU]RQHDW WUDYHUVHVSHHGDPPPLQE  PPPLQFPPPLQ
0LFURVWUXFWXUH RI$$7L&$0&V
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)LJ VKRZVWKHHIIHFWRIWUDYHUVHVSHHGRQWKHPLFURVWUXFWXUHRI$$7L&VXUIDFHFRPSRVLWH )LJD LQGLFDWHV
D IDLUO\ KRPRJHQRXV GLVWULEXWLRQ RI 7L& SDUWLFOHV RI VXUIDFH FRPSRVLWHV WKDW LV SURGXFHG DW  PPPLQ 7KH
GLVWULEXWLRQRI7L&SDUWLFOHVLVQRWXQLIRUP DVLQGLFDWHGLQ)LJ F:KHQWUDYHUVHVSHHG LV LQFUHDVHGWKHGLVWULEXWLRQ
RI 7L& SDUWLFOHV LV JUDGXDOO\ GHFUHDVHV 7KH YDULDWLRQ RQ PLFURVWUXFWXUHV DV D IXQFWLRQ RI WUDYHUVH VSHHG FDQ EH
REVHUYHGDWKLJKHUPDJQLILFDWLRQSURYLGHGZLWK6(0PLFURJUDSKVLQ)LJ:KHQWUDYHUVHVSHHG LV LQFUHDVHGWKH
DYHUDJHGLVWDQFHEHWZHHQWZRDGMDFHQW7L&SDUWLFOHV LVGHFUHDVHG7KHWUDYHUVHVSHHGLQIOXHQFHVWKHVWLUULQJDFWLRQ
RIURWDWLQJWRRODQGJRYHUQVWKHWUDQVSRUWDWLRQRIVWLUUHGDQGSODVWLFLVHGPDWHULDOIURPDGYDQFLQJVLGHWRUHWUHDGLQJ
VLGH7KHVWLUULQJ RIPDWHULDOLV PRUHDWWUDYHUVHVSHHGRIPPPLQZKLFK\LHOGV KLJKHUSODVWLFVWUDLQ 7KHHYHQ
GLVWULEXWLRQ RI 7L& SDUWLFOHV DV IRXQG LQ WKH RSWLFDO PLFURJUDSKV )LJ D FDQ EH DWWULEXWHG WR GHHS VWLUULQJ DQG
VXIILFLHQWPDWHULDO IORZZKLFKHQKDQFHVXQLIRUPGLVWULEXWLRQRI7L&SDUWLFOHV:KHQ WKH WUDYHUVH VSHHG LQFUHDVHV
WKHPDWHULDO WUDQVSRUWDWLRQIURPDGYDQFLQJVLGHWRUHUHDGLQJVLGHLV UHGXFHG 7KHPL[LQJRISODVWLFLVHG DOXPLQLXP
ZLWK7L&SDUWLFOHV DOVR UHGXFHGUHVXOWLQJLQQRQKRPRJHQHRXV GLVWULEXWLRQ
)LJ 2SWLFDOPLFURJUDSKRI$$7L& VXUIDFH FRPSRVLWHDWWUDYHUVHVSHHGD PPPLQE PPPLQFPPPLQ
/HHDWDO DQDO\]HG WKHYDULRXVUHDFWLRQSURGXFWVDW WKH LQWHUIDFHRI7L&DQGDOXPLQLXPPDWUL[ LQ
$O7L& $0&V SUHSDUHG E\ LQILOWUDWLRQ FDVWLQJ URXWH 7KH ORFDO WHPSHUDWXUH GHYHORSHG GXULQJ )63 LV YHU\ ORZ
FRPSDUHG WR OLTXLGPHWDOOXUJ\ URXWHV WR LQLWLDWH LQWHUIDFLDO UHDFWLRQ7KH GHWDLOV RI WKH LQWHUIDFH EHWZHHQ WKH7L&
SDUWLFOHDQGWKHDOXPLQLXPPDWUL[FDQEHREVHUYHGDWKLJKHUPDJQLILFDWLRQSURYLGHGZLWK6(0PLFURJUDSKVLQ)LJ
)URP WKH ILJXUH LW LVREVHUYHG WKDW WKH LQWHUIDFH LV YHU\FOHDUZLWKRXW WKHSUHVHQFHRIDQ\ UHDFWLRQSURGXFWVRU
PLFUR SRUHV$ FOHDQ LQWHUIDFH LQFUHDVHV WKH ORDG EHDULQJ FDSDFLW\ RI WKH $0& DQG DOVR SURYLGHV JRRG ERQGLQJ
EHWZHHQ7L&SDUWLFOHVDQG DOXPLQLXPPDWUL[
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)LJ 6(0 PLFURJUDSKRI$$7L& VXUIDFH FRPSRVLWHDWWUDYHUVHVSHHGDPPPLQE  PPPLQFPPPLQ
 0HFKDQLFDOSURSHUWLHV RI$$7L&$0&V
7KH PLFURKDUGQHVV DQG WKH ZHDU UDWH RI $$7L& $0&V DW WUDYHUVH VSHHGV DUH SUHVHQWHG LQ )LJ  7KH
PLFURVWUXFWXUDO FKDQJHV LQGXFHG E\ WKH WUDYHUVH VSHHGV DUH UHVSRQVLEOH IRU WKH LPSURYHPHQW LQ PHFKDQLFDO
SURSHUWLHV :KHQ WKH WUDYHUVH VSHHG LV LQFUHDVHG WKH PLFURKDUGQHVV DQGZHDU UHVLVWDQFH DUH DOVR LQFUHDVHG7KH
PLFURKDUGQHVV LV IRXQGWREH+9DWPPPLQDQG+9DWPPPLQ7KHZHDUUDWHZDVPHDVXUHGWREH
[ PPPDWPPPLQDQG[ PPPDWPPPLQ+LJKHUYDULDWLRQRQPLFURKDUGQHVVDFURVV
WKHVXUIDFHFRPSRVLWHLVRZLQJWRWKHSRRUGLVWULEXWLRQRI7L&SDUWLFOHV 7KHSRVVLEOHVWUHQJWKHQLQJPHFKDQLVPVDUH
GLVFXVVHG VXEVHTXHQWO\ :KHQ WKH KDUGQHVV PHDVXUHPHQW ZDV GRQH DW HYHQ VSDFLQJ WKH SRVVLELOLW\ RI LQGHQWHU
DSSOLHGGLUHFWO\RQ WKH7L&SDUWLFOHV7KLV HQKDQFHV WRKLJKHU KDUGQHVVYDOXH DW PPPLQ7KHKLJKHU WUDYHUVH
VSHHG RI  PPPLQ FDXVHV SRRU GLVSHUVLRQ RI 7L& SDUWLFOHV GXH WR LQVXIILFLHQW PDWHULDO WUDQVSRUWDWLRQ 7KH
GLVSHUVLRQRI7L&SDUWLFOHVEHFRPHVIDLUO\XQLIRUPDWORZHUWUDYHUVHVSHHGRIPPPLQ6LQFH WKHDUHDRIVXUIDFH
FRPSRVLWHV FRUUHVSRQGLQJO\ GHFUHDVHV LW UHVXOWV LQ DQ RYHUDOO LQFUHDVH LQ WKH YROXPH IUDFWLRQ RI 7L& SDUWLFOHV
%HFDXVHWKHVDPHDPRXQWRIWKH7L&SDUWLFOHVSDFNHGLQWRWKHJURRYHDQGWKHVDPH LV WREHGLVSHUVHGWRWKHOHVVHU
DPRXQWRISODVWLFL]HGDOXPLQLXP7KHUHIRUHWKHKLJKHUWUDYHUVHVSHHGVRIPPPLQ SURGXFHKLJKHUKDUGQHVVRI
WKHVXUIDFHFRPSRVLWH
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)LJ (IIHFW RI 7UDYHUVH VSHHG RQDPLFURKDUGQHVV DQGE ZHDUUDWH RI$$7L&$0&V
7KHKDUGQHVVDQGZHDUUDWHDUHFRUUHODWHGE\WKHHVWDEOLVKHG$UFKDUG¶V ODZ$FFRUGLQJWRWKLVODZYROXPH
ORVV LV LQYHUVHO\SURSRUWLRQDO WR WKHKDUGQHVVRI WKH$0&+LJKHU WKHKDUGQHVVRI WKHPDWHULDO ORZHUZLOOEH WKH
ZHDU UDWHEHFDXVH WKH UHVLVWDQFH WR UHPRYH WKHPDWHULDOGXULQJVOLGLQJ LQFUHDVHV 7KHHIIHFWRI WUDYHUVH VSHHGRQ
ZHDUUDWHVRI$$7L&$0&VLVVKRZQLQ)LJE,WLVHYLGHQWIURPWKHILJXUHWKDWWKHZHDUUDWHGHFUHDVHVZLWK
LQFUHDVHRIWUDYHUVHVSHHG7KHWKHUPDOPLVPDWFKDQGGLIIHUHQWLDOGHIRUPDWLRQSURGXFHVGLVORFDWLRQVLQWKHVXUIDFH
$0&7KHLQFUHDVHGGLVORFDWLRQGHQVLW\UDLVHVWKHUHVLVWDQFHWRWKHPRWLRQRIGLVORFDWLRQDFURVVWKHPDWHULDO7KH
H[FHOOHQWLQWHUIDFLDOERQGLQJEHWZHHQDOXPLQXPPDWUL[DQG7L&SDUWLFOHEULQJVWKHORDGWUDQVIHUULQJWKHPHFKDQLVP
LQWR RSHUDWLRQ 7KH HIIHFWLYH WUDQVIHU RI ORDG IURP DOXPLQXP PDWUL[ WR 7L& SDUWLFOHV VWUHQJWKHQV WKH VXUIDFH
FRPSRVLWH
&RQFOXVLRQV
,Q WKHSUHVHQW VWXG\$$7L&$0&ZDV IDEULFDWHG 7KH IROORZLQJ FRQFOXVLRQV DUHGHULYHG IURP WKHSUHVHQW
ZRUN
x 7KHWUDYHUVHVSHHGVLJQLILFDQWO\LQIOXHQFHGWKHDUHDRIWKHVXUIDFHFRPSRVLWH7KHDUHDRIWKH)63]RQHZDV
FRPSXWHGWREHPP DWPPPLQDQGPP DWPPPLQ
x 7KH WUDYHUVH VSHHG LQIOXHQFHG WKH 7L& SDUWLFOHV GLVWULEXWLRQ LQ WKH VXUIDFH FRPSRVLWHV +LJKHU WUDYHUVH
VSHHGUHVXOWHGLQSRRU GLVWULEXWLRQRI7L&SDUWLFOHVDQGYLFHYHUVD
x 7KH PLFURKDUGQHVV DQG ZHDU UDWH RI WKH VXUIDFH FRPSRVLWHV ZHUH LQIOXHQFHG E\ WUDYHUVH VSHHG 7KH
PLFURKDUGQHVVZDV IRXQG WR EH+9DW PPPLQ DQG+9DW PPPLQ 7KHZHDU UDWHZDV
PHDVXUHGWREH [ PPPDWPPPLQDQG[ PPPDWPPPLQ
$FNQRZOHGJHPHQWV
7KH DXWKRUV DUH JUDWHIXO WR WKH 0DQDJHPHQW DQG 'HSDUWPHQW RI 0HFKDQLFDO (QJLQHHULQJ &RLPEDWRUH ,QVWLWXWH RI
7HFKQRORJ\ &RLPEDWRUH ,QGLD IRU H[WHQGLQJ WKH IDFLOLWLHV WR FDUU\ RXW WKLV LQYHVWLJDWLRQ 7KH DXWKRUV DOVR DFNQRZOHGJH WKH
ILQDQFLDOVXSSRUWUHQGHUHGE\WKH1DYDO5HVHDUFK%RDUG'5'2*RYWRI,QGLD
5HIHUHQFHV
5DKLPLDQQ 0 (KVDQLD13DUYLQ 1 %DKDUYDQGL+5  7KHHIIHFWRISDUWLFOHVL]HVLQWHULQJWHPSHUDWXUHDQGVLQWHULQJWLPHRQWKH
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SURSHUWLHVRI $O± $O2 FRPSRVLWHVPDGHE\SRZGHUPHWDOOXUJ\ -RXUQDORI 0DWHULDO 3URFHVVLQJ 7HFKQRORJ\  ±
6KDULIL(0 .DULP]DGHK ) (QD\DWL 0+  )DEULFDWLRQDQGHYDOXDWLRQRIPHFKDQLFDODQGWULERORJLFDOSURSHUWLHVRIERURQFDUELGH
UHLQIRUFHG DOXPLQXPPDWUL[ 1DQRFRPSRVLWHV 0DWHULDOV DQG'HVLJQ  ±
+HPDQWK - 4XDUW]  6L2SUHLQIRUFHGFKLOOHGPHWDOPDWUL[FRPSRVLWH&00&IRUDXWRPRWLYHDSSOLFDWLRQV 0DWHULDOV DQG 'HVLJQ 
 ± 
5DPHVK&6 .HVKDYDPXUWK\5&KDQQDEDVDSSD%+ $KPHG$ 0LFURVWUXFWXUHDQGPHFKDQLFDOSURSHUWLHVRI1L±3FRDWHG6L1
UHLQIRUFHG$OFRPSRVLWHV 0DWHULDOV6FLHQFHDQG(QJLQHHULQJ $ ±
.DONDQOL $ <LOPD] 6  6\QWKHVLVDQGFKDUDFWHUL]DWLRQRIDOXPLQXPDOOR\UHLQIRUFHGZLWKVLOLFRQFDUELGHSDUWLFXODWHV 0DWHULDOV DQG
'HVLJQ  ± 
5RPDQNRYD 6 +D\DVDNDE < 6KFKHWLQLQ ,9 <RRQD -0 .RPDURY 69  )DEULFDWLRQRI&X±6L&VXUIDFHFRPSRVLWHXQGHUEDOO
FROOLVLRQV $SSOLHG 6XUIDFH6FLHQFH  ±
0D=< )ULFWLRQ6WLU3URFHVVLQJ7HFKQRORJ\$5HYLHZ 0HWDOOXUJLFDO0DWHULDO7UDQVDFWLRQ$ ±
$URUD +6 6LQJK + 'KLQGDZ %. &RPSRVLWH IDEULFDWLRQXVLQJ IULFWLRQVWLUSURFHVVLQJDUHYLHZ ,QWHUQDWLRQDO-RXUQDO RI$GYDQFHG
0DQXIDFWXULQJ 7HFKQRORJ\ ±
0LVKUD 56 0D =< &KDULW , )ULFWLRQVWLUSURFHVVLQJDQRYHOWHFKQLTXHIRUIDEULFDWLRQRIVXUIDFHFRPSRVLWH 0DWHULDOV6FLHQFHDQG
(QJLQHHULQJ $±
0RULVDGD < )XMLL + 1DJDRND 7 )XNXVXPL0  1DQR FU\VWDOOL]HGPDJQHVLXPDOOR\ ± XQLIRUPGLVSHUVLRQRI&PROHFXOHV 6FULSWD
0DWHULDOLD ±
0RULVDGD < )XMLL + 1DJDRND 7 )XNXVXPL 0  0:&17V$=VXUIDFHFRPSRVLWHVIDEULFDWHGE\IULFWLRQVWLUSURFHVVLQJ 0DWHULDOV
6FLHQFHDQG(QJLQHHULQJ $ ±
0RULVDGD  < )XMLL +  1DJDRND7 )XNXVXPL 0  (IIHFWRIIULFWLRQVWLUSURFHVVLQJZLWK6L&SDUWLFOHVRQ PLFURSURFHVVLQJLQYHVWLJDWLQJ
PLFURVWUXFWXUHPLFURKDUGQHVVZHDUDQGWHQVLOHEHKDYLRXU 0DWHULDOV &KDUDFWHULVDWLRQ ±
.XUW $ 8\JXU , &HWHF(  6XUIDFH PRGLILFDWLRQVRIDOXPLQLXPE\IULFWLRQVWLU SURFHVVLQJ -RXUQDORI0DWHULDO3URFHVVLQJ
7HFKQRORJ\ ±
'RODWNKDK$ *ROEDEDHL 3 *LYL 0.% 0RODLHNL\D ) ,QYHVWLJDWLQJHIIHFWVRISURFHVVSDUDPHWHUVRQPLFURVWUXFWXUDODQGPHFKDQLFDO
SURSHUWLHVRI$O6L&PHWDOPDWUL[FRPSRVLWHIDEULFDWHGYLDIULFWLRQVWLUSURFHVVLQJ0DWHULDOV DQG 'HVLJQ ±
0DKPRXG (5, ,NHXFKL. 7DNDKDVKL0  (IIHFWRIIULFWLRQVWLUSURFHVVLQJWRROSUREHRQIDEULFDWLRQRI6L&SDUWLFOHUHLQIRUFHG
FRPSRVLWHRQDOXPLQLXPVXUIDFH6FLHQFHDQG7HFKQRORJ\RI:HOGLQJDQG-RLQLQJ  
6KDULILWDEDU0 6DUDQL$ .KRUVKDKLDQ6 DQG$IDUDQL06  )DEULFDWLRQRI$O$O2 1DQRFHUDPLF SDUWLFOHUHLQIRUFHGFRPSRVLWH
YLDIULFWLRQVWLUSURFHVVLQJURXWH 0DWHULDOV DQG 'HVLJQ  
$VDGL 3 )DUDML* %HVKDUDWL 0.  3URGXFWLRQVRI$=6L&FRPSRVLWHE\IULFWLRQVWLU SURFHVVLQJ ,QWHUQDWLRQDO -RXUQDORI
$GYDQFHG 0DQXIDFWXULQJ7HFKQRORJ\  
0LVKUD560D=< )ULFWLRQVWLU ZHOGLQJDQGSURFHVVLQJ0DWHULDOV 6FLHQFHDQG (QJLQHHULQJ ±
/HH&-+XDQJ-&+VLHK3-0JEDVHGQDQRFRPSRVLWHVIDEULFDWHGE\IULFWLRQVWLUSURFHVVLQJ6FULSWD0DWHULDOLD±
